The phylogenetic relationship of Cistanche deserticola, C. salsa and C. tubulosa was analyzed by comparing the nucleotide sequences of the plastid rps2 gene and the intergenic spacer region between rpl16 and rpl14. By comparison of sequence data, the Cistanche samples were distinguishable from each other. The results were consistent with their anatomical and chemical characteristics. Intraspecific variations were found in C. salsa and C. tubulosa among the geographical populations. The NJ tree reconstructed based on the sequence data revealed that C. deserticola and C. salsa from China were closely related to each other, and C. tubulosa was placed as an outgroup of them.
The botanical origin of Cistanchis Herba, called Roucongrong ( ), is described only as Cistanche deserticola Y. C. MA (Orobanchaceae) in "Chinese Pharmacopeia". 1) In the Chinese herbal market, there are a number of crude derived drugs from C. salsa (C. A. MEY) G. BECK and C. tubulosa R. WIGHT and they have been used as equivalent to Cistanchis Herba. The discrimination of Cistanche crude drugs is difficult based only on the morphological characteristics. In a previous paper, we reported that C. deserticola (Cd type), C. salsa (Cs type) and C. tubulosa (Ct type) could be classified by the arrangement of vascular bundles. 2) However, our later investigation demonstrated that, in a few cases, it is difficult to distinguish Cd type and Cs type based on the arrangement of vascular bundles only. Further, phenylethanoid glycoside compositions of Cd type and Cs type are so similar that they are also indistinguishable by their chemical characteristics. 3) DNA sequencing has become one of the most utilized approaches for inferring taxonomic and phylogenetic relationships of animals and plants. In plants, plastid DNA is considered to be suitable for analyzing the phylogenetic relationships among the species. RbcL gene which encodes the large subunit of ribulose-bisphosphate carboxylase has been used for this purpose, however the rbcL gene was reported to be lost in holoparasitic plants such as Epifagus verginiana (Orobanchaceae). 4) In contrast, ribosomal protein subunit 2 (rps2) and ribosomal protein large subunit 16 (rpl16) genes in plastid genome were reported to be not deleted in the nonphotosynthetic holoparasitic plant Epifagus verginiana. 4) In this study, we determined the sequences of rps2 gene and an intergenic spacer region between rpl16 gene and ribosomal protein large subunit 14 (rpl14) gene containing a part of rpl16 gene 3Ј exon (rpl16-rpl14 spacer region) 5) amplified from various Cistanche plants and discussed the classification and the phylogenetic relationship of these plants.
MATERIALS AND METHODS

Materials
The plant samples used in the present investigation are shown in Table 1 . Each plant sample was collected and identified by Prof. K. Usman Ghani (Ct-P1), and Prof. M. Coskun (Cs-T1), and one of the authors (Pengfei Tu) and has been stored at the Central Research Laboratory, Yomeishu Seizo Co., Ltd.
Preparation of DNA Total DNA was extracted from powdered samples using DNeasy Plant Mini Kit (Qiagen, Germany). The DNA preparation was further purified using GENE CLEAN SPIN KIT (BIO 101 Inc., U.S.A.). DNA concentration was estimated using a DyNA Quant TM 200 (Amersham Pharmacia, Sweden). Calf thymus DNA (Sigma, U.S.A.) was used as a standard.
Amplification of rps2 Gene and rpl16-rpl14 Spacer Region Total DNA was used as a template for PCR-amplifying rps2 gene and rpl16-rpl14 spacer region.
Several appropriate primers were designed based on the sequences of Nicotiana tabacum (tobacco) 6) and Epifagus verginiana 7) so that whole region of the rps2 gene could be amplified (Fig. 1 ). The PCR mixture (50 ml) contained 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 20 pmol of each primer, 20 ng template DNA and 1.25 units of Taq Polymerase (Roche, Switzerland). Amplification was carried out under the following conditions: precycling at 94°C for 3 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 51°C for 1 min 30 s and elongation at 72°C for 1 min, and final elongation at 72°C for 2 min using GeneAmp PCR System 9600 (Applied Biosystems, U.S.A.).
Rpl16-rpl14 spacer region, containing a part of the rpl16 3Ј exon in this study, was amplified using common primers synthesized according to the sequences of Nakamura et al. 5) ( Fig. 1 ) (Forward A primer: 5Ј-AAAGATCTAGATTTCG-TAAACAACATAGAGGAAGAA-3Ј, Reverse B primer: 5Ј-ATCTGCAGCATTTAAAAGGGTCTGAGGTTGAATCAT-3Ј). The PCR mixture (100 ml) contained 15 mM Tris-HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 20 pmol of each primer, 20 ng template DNA and 2.5 units of Amplitaq Gold (Applied Biosystems). Amplification was carried out under the following conditions: precycling at 95°C for 10 min, 40 cycles of denaturation at 94°C for 1 min, annealing at 52°C 1 min and elongation at 72°C for 2 min, and final elongation at 72°C for 7 min using GeneAmp PCR System 2400 (Applied Biosystems).
PCR products were detected by ethidium bromide staining following 1.8% agarose gel electrophoresis.
Sequencing of PCR Products The PCR products were purified using the ULTRAFREE-MC 3THK00 (Millipore, U.S.A.) or QIAquick Gel Extraction Kit (Qiagen) following 1.5% agarose gel electrophoresis and subjected to direct sequencing using a BigDye Terminator Cycle Sequence FS kit (Applied Biosystems) and a Half BD Sequencing Reagent (Genpak Limiteds) with ABI PRISM 310 (Applied Biosystems). The sequencing was performed on both strands using appropriate internal primers.
Phylogenetic Analysis Nucleotide sequences of the two regions were aligned using Genetyx Mac (Software Development, Japan) for phylogenetic analysis. The genetic distances were computed by Kimura's two parameter method, 8) and the phylogenetic tree was constructed by the NJ method 9) in PHYLIP software package (Felsenstein, J.: Phylogeny Inference Package, version 3.573, University of Washington, Seattle). The tree was evaluated using the bootstrap test 10) based on 1000 resamplings. The sequence of tobacco 6) was used as an outgroup to root the tree.
RESULTS
DNA fragments having an expected size of about 800 bp (for rps2 primers) and about 550 bp (for rpl16-rpl14 spacer region primers) were obtained by PCR ( Fig. 2 ) from all the samples and nucleotide sequences were successfully established. 11) Within the 800 bp PCR products, we identified a 738 bp open reading frame (ORF) from C. deserticola and C. salsa, and a 723 bp ORF from C. tubulosa.
By comparing the rps2 gene sequence with that of tobacco, 6) we observed the presence of an insertion (5Ј-GTTC-TAGCTATA-3Ј) 681 bp downstream from the start codon in all of the Cistanche plant samples. Furthermore, a readthrough mutation was found in C. deserticola and C. salsa sequences as a result of the second insertion of fifteen nucleotides. Except for these points, the ORF sequences of Cistanche samples were highly homologous to the tobacco rps2 ORF with identities of 90.5-91.9%.
Within the 550 bp PCR products corresponding to the rpl16-rpl14 spacer from all Cistanche samples, the termination codon (TAA) sequences could be identified 393 bp downstream from the 5Ј-end. The sequence between the 5Јend of the PCR product and the TAA sequence of the Cistanche samples were highly homologous to the rpl16 3Ј exon of tobacco with identities of 89.1-90.8%. There were 127 nucleotides between the TAA codon and the 3Ј-end of the PCR product. The sequence of this region showed low homology to the corresponding sequence of tobacco with identities of 65.8-68.8%.
There were no intraspecific base differences among the samples of C. deserticola, whereas there were several base substitutions among C. salsa samples in either the rps2 gene region or the rpl16-rpl14 spacer region. There were also intraspecific base substitutions among C. tubulosa samples in the rps2 gene region, but not in the rpl16-rpl14 spacer region. Based on multiple alignment of the combined nucleotide sequence of the rps2 gene and the rpl16-rpl14 spacer region, the Cistanche samples were classified into 6 genotypes as shown in Table 1 . C. deserticola samples comprised one genotype (CD-C) whereas C. salsa samples were classified into three genotypes (CS-Cx, CS-Cn, CS-T) and C. tubulosa samples into two genotypes (CT-Cx, CT-P). The number of nucleotide differences between each genotype are summarized in Table 2 .
Base substitutions were observed at 55 sites among six genotypes in the rps2 gene and 32 sites among five genotypes in the rpl16-rpl14 spacer region (18 in the rpl16 3Ј exon and 14 in intergenetic spacer regions). Multiple alignment of rps2 gene and rpl16-rpl14 spacer sequences are shown in Figs. 3 and 4 , respectively.
The phylogenetic tree based on the combined sequences of the rps2 gene and the rpl16-rpl14 spacer region is shown in Fig. 5 . The result clearly revealed that Cistanche samples were phylogenetically divided into two clusters, i.e. the CD, CS group (consisting of C. deserticola and C. salsa samples) and the CT group (consisting of C. tubulosa samples) supported by high bootstrap probabilities.
DISCUSSION
We successfully amplified the rps2 gene and the rpl16-rpl14 spacer region from dried samples of three Cistanche species using primers designed on the basis of the tobacco sequence 6) and common primers proposed by Nakamura et al., 5) respectively. Sequencing of the PCR products revealed the presence of intraspecific sequence variations among four samples of C. salsa and three of C. tubulosa. In contrast, such an intraspecific variation was not observed in C. deserticola samples. These variations seem to be related to the geographic origins of the samples, because the nucleotide sequences of C. tubulosa of Chinese origin (Ct-Cx1 and Ct-Cx2) were completely identical with each other, but different from that of Pakistan origin (Ct-P1). Similarly, the nucleotide sequence of C. salsa from Turkey (Cs-T1) was quite different to those of China (Cs-Cn1, Cs-Cn2 and Cs-Cx).
We previously reported that there were obvious differences in anatomical 2) (arrangement of vascular bundles) and chemical characteristics 3) (phenylethanoid glycosides components) between Chinese and Turkish C. salsa, and also between Chinese and Pakistani C. tubulosa. The presence of intraspecific variation of the two plastid gene sequences in the geographic populations of these species is consistent with their phenotypic variations.
In spite of the presence of these intraspecific variations, these three Cistanche species are distinguishable based on the nucleotide sequences of the rps2 gene and the rpl16-rpl14 spacer region, indicating that these regions in the plastid DNA will be useful DNA markers for identification of Cistanche species.
As shown in Fig. 5 , the NJ tree clearly revealed that C. deserticola was phylogenetically close to C. salsa, and C. tubulosa was placed as an out group of them. This result was consistent with their anatomical 2) and chemical characteristics, 3) as reported previously.
It is interesting that the genetic distance from CD-C to CS-Cx is shorter than that from CS-T and CS-Cn to CS-Cx. It seems that C. deserticola is a subtaxon of C. salsa, and not an independent taxon. We are currently examining the phylogenetic relationships of Cistanche species.
We have already noticed that some of the polymorphic bases are in the restriction sites. This fact will provide us with a simple molecular tool such as PCR-RFLP to distin-guish each Cistanche species, and is now under investigation.
